The Muli coalfield of Qinghai province is rich in gas hydrate, which is an important alternative energy in the post-petroleum era. The results of the preliminary exploration and estimation show that the amount of gas hydrate reaches approximately 300 million m 3 in the coalfield and surpasses 500 billion m 3 in its surrounding regions according to the calculation method used in Messoyakha gas field. The results indicate that Qilian Mountain permafrost area is extremely abundant in gas hydrate resources. Therefore, it will be rewardful to research on how to explore and exploit its gas hydrate resources in this area. In the present paper, the characteristics of structure, fault and the coal seams in Muli coalfield were analyzed; the formation condition and the stability zone of its gas hydrate were investigated; a model of "coal-formed gas hydrate" was identified and the reserves of gas hydrate in the Muli coalfield and the potential reserves of gas hydrate in its surrounding area were estimated.
INTRODUCTION
Gas hydrate has become a very promising energy of this century due to its clean, abundant resources and high power density (Wu, 2008; Zhou et al., 2008) , but the research of gas hydrate in China lags behind developed countries for about 20 years (Fan et al., 2009; Wu and Cheng, 2008; Milkov, 2004; Wu, 2008) . Up to now, there isn't an exact design of gas hydrate exploration, and the overall plan for it is also lacking (Fan et al., 2009; . In China, the research on gas hydrate is only carried out by a few institutions concerning on marine gas hydrate research and the specialized laboratory for terrestrial gas hydrate has not been established (Fan et al., 2009; Jin et al., 2002; Zhang et al., 2009; Qiao 2006; Fan, 2007) . Thus it is clearly seen that the research conditions for gas hydrate are inadequate (Fan et al., 2009; Jin et al., 2002; and need to be improved for further researches. Recently, gas hydrate samples were taken, through drilling methods, from the Qilian Mountains in Qinghai region by China National Administration of Coal Geology and Chinese Academy of Geological Sciences. This will promote the development of theoretical research and exploitation technology of gas hydrate in permafrost regions.
Permafrost area is one of the geological environments where gas hydrate has been found (Chen et al., 2005) . The area of gas hydrate owned by China reaches 215 ϫ 10 4 km 2 (Wu et al., 2006) . In 2009, after gas hydrate was discovered in permafrost regions of Tibetan plateau (Zhang et al., 2009) , China becomes the first country where gas hydrate was found in the low-latitude permafrost regions, and the third country which obtained gas hydrate samples through drilling method next to Canada and United State. It is estimated that Chinese potential reserves of gas hydrate in permafrost regions are about 35 billion ton oil equivalent, in which gas hydrate reserves in Muli area attain nearly 300 billion m 3 gas (Chen et al., 2005; Wu et al., 2006) . According to the calculation method used in Messoyakha gas field, the amount of gas hydrate in its surrounding regions should surpass 500 billion m 3 . This is twice more than the amount used in the first phase of the West-East Gas Transmission project from Xinjiang to Shanghai. Therefore, it is a great potential reserve of gas hydrate in permafrost regions of the Tibetan plateau.
FORMATION CONDITIONS OF GAS HYDRATE IN MULI COALFIELD 2.1. Geological forming conditions of gas hydrate
Muli coalfield is located in the northern alpine region of Tibetan plateau, whose height above sea level is 4100-4300m and annual average temperature is -5.1°C. Geotectonic unit of Muli coalfield lies in west section of Qilian folding belt. Muli coalfield has special regional geology setting and evolutionary history (Pan et al., 2008) . Muli coalfield is a folded downwarping belt. However, the distribution of its inner parts is different. It possibly results from the control of north-south regional fault zone and the effects of basement structure of coal-bearing series (Chen et al., 2005; Pan et al., 2008) . In this region, the fault structure developed well as zonal distribution. The main thrust faults along northwest directions constitute the structural frame of the coalfield. From south to north, Muli coalfield can be divided into south zone, middle zone and north zone (Fig. 1) .
The bed rocks of Muli coalfield are black siltstones, clay and thin coal seams of the Upper Triassic period. The coal measures of the Jurassic covered on the Triassic period as disconformity contact. The Middle Jurassic consists of Muli and Jiangcang formations (Fig. 2) . The lower part of the Muli formation consists of a series of rough clastic rocks, and the upper part is thin clastic rocks including Coal Seam l1 and Coal Seam L2. The lower part of the Jiangcang formation consists of a series of sediments from delta-lake facies including 2-6 coal seams, and the upper part is a series of clay and siltstones from deep lake facies. Many coal types ranging from cannel coal, anthracite coal, lean coal to coking coal can be found in this region, which is mainly caused by hypozonal metamorphism. This process is also beneficial to the generation of hydrocarbon gas, which provides enough sources for the formation of gas hydrate. The sampling horizon is fine siltstone interlayer in oil shale member of the Jiang Cang Group of the Middle Jurassic, and recent well-developed earthquakes and fault structures provide fluid migration pathway for the formation of gas hydrate (Chen et al., 2005) .
Obviously, regional geological conditions of Muli coalfield provide the foundation for the formation of gas hydrate.
Thermodynamic condition of gas hydrate formation
Natural gas in sediments of permafrost could form gas hydrate under special temperature and pressure, and the formation is controlled by fluid salinity of sedimentary pore and the composition of natural gas. The permafrost is developed widely in a shape of island in the Muli coalfield. The average thickness of the permafrost is 80m according to Pan et al. (2008) . Institute of Mineral Resources of Chinese Academy of Geological Sciences supposes that annual average temperature of the ground surface of the permafrost is lower than -2.4°C, and its thickness should exceed 108.1 m, judged by 3.4% heavy hydrocarbons (such as ethane, propane) contained in the spring water. Therefore, unique thermodynamic characteristics of Muli coalfield satisfy the critical condition of gas hydrate formation. 
GAS HYDRATE TYPES IN MULI COALFIELD
There are three approaches to explain the genesis of methane in gas hydrate Uchida 2002, Wu et al., 2006) : methane from thermogenic gas, microbiological gas and methane from both. Therefore, when methane δ 13 C Յ 50 ‰, gas hydrate may generate from thermogenic gas; when methane δ 13 C Ն 60 ‰, gas hydrate may generate from microbiological gas. Take the hydrocarbon humidity ratio into consideration, if C 1 /(C 2 + C 3 ) Ն 100, it indicates that gas hydrate possibly may generate from thermogenic gas; if C 1 /(C 2 + C 3 ) Յ 100, gas hydrate may generate from microbiologic gas Uchida 2002, Wu et al., 2006) .
Gas hydrate methane genesis discrimination
In Muli coalfield, the δ 13 C of methane in gas hydrate is 50.5 ‰ (Table 1 , PDB standard). It is close to composition of methane in coal formed gas (Table 2 ) and indicates the generation of gas hydrates from thermogenic gas. Meanwhile, the value of C 1 /(C 2 + C 3 ) Ͻ100 also reflects the obvious characteristic of deep pyrolysis gas instead of microbiological gas. According to the foreign researchers, hydrocarbon humidity ratio is a typical indicator of genesis of gas hydrate. If it is less than 100, it indicates a typical pyrolysis genesis; if it is between 100 and 1000, it indicates a mixing genesis; if it is more than 1000, it indicates a typical microbiological genesis (Matsumoto et al., 2000) .
From the scatter diagram of methane carbon isotope value and C 1 /(C 2 + C 3 ), it can be seen that the sample of gas hydrate in Muli coalfield is located in the range of deep pyrolysis gas (Fig. 3) . This proves that methane of gas hydrate in Muli coalfield is from thermogenic gas. Figure 3 . The distribution map of carbon isotope of methane and C 1 /(C 2 + C 3 ) of DK-1drill hole in permafrost region in Muli coalfield.
Identification of gas hydrate and methane from gas source
Certain quantities of coal bed methane were produced in Jurassic coal. However, results of test and study show that gas storage capacity of coal seam is low. It may be caused by the escape of large quantities of methane gas into permafrost regions in the geological evolution, so the coal seam may still be a major resource of methane. Suspected horizon of gas hydrate in logging data interpretation and horizon of two samples of drilling are both located in coal seam in Jiangcang Group. Natural gas hydrate in Muli coalfield originates from coal seam. In order to characterize its unique feature, this methane gas resource is called as "coal-formed gas resource".
STABLE ZONE AND RESOURCE ESTIMATION OF GAS HYDRATE 4.1. Stable zone of gas hydrate in Muli coalfield
The total area of Muli coalfield is 7600 km 2 , in which permafrost occupies about 20% of the total area. Quaternary sediments are widely distributed in this region and cover on all age strata. Surface soil, humic layer, moraine gravel, mud gravel and mud pattern are lithologic compositions and good cap rocks, which is beneficial to the formation of gas hydrate in traps (Chen et al., 2005) . Furthermore, in Muli, the daily mean temperature is 0°C and the annual average temperature is -6°C. Low temperature surface could inhibit the formation of methane, improve the formation of gas hydrate in the permafrost regions, and prevent dissipation of methane, so reserves of gas hydrate are formed. Concrete data is shown on the phase equilibrium curve, which was calculated according to the measured parameters of Muli region (Fig. 4) . The phase equilibrium curve reflects the geological conditions of low pressure and high temperature of Muli coalfield. The relationship of phase equilibrium boundary between the hydrate temperature and the pressure can be expressed as following: Figure 4 . The equilibrium curve of the biogenic methane and gas hydrate of Muli coalfield.
Hydrate equilibrium curve was calculated according to the reference (Sloan, 1998 ): The salinity is 0.01%. A: annual surface temperature; C: static rock pressure of the bottom boundary of permafrost; B, D: top boundary pressure and bottom boundary pressure of hydrate layer burial of the biogenic methane and gas hydrate of Muli coalfield. AC and CD represent the temperate and pressure change of sedimentary in or under the permafrost layer, which can be described by geothermal gradient and pressure gradient (equations 2 and 3).
P represents pressure (MPa); t represents steady temperature of hydrate under the pressure; R represents correlation coefficient. In Figure 4 , the region which is limited by surface temperature, geothermal gradient of permafrost, geothermal gradient of sedimentary layer under the permafrost, gas hydrate temperature and pressure phase equilibrium boundary is stable zone of gas hydrate. The upper intersection point of the geothermal gradient of permafrost and phase equilibrium is point of top boundary pressure of hydrate layer burial; the lower intersection point is the point of bottom boundary pressure of hydrate layer burial; the region of between two intersection points is the stable zone of hydrate layer. The relationship between temperature and depth in permafrost layer and under permafrost layer can be expressed as following:
t f represents the temperature of depth of permafrost; h f represents the surface temperature; G f represents the geothermal gradient of permafrost(°C / m); t s represents the temperature of h s deep under the permafrost layer; Gs represents the geothermal gradient of sedimentary layer under the permafrost; h s represents the bottom boundary depth of hydrate layer (m); the bottom boundary temperature of permafrost is 0°C.
The relationship between the pressure of permafrost or sedimentary under the permafrost and the depth can be expressed as following, which is accumulated according to the static rock pressure and the hydrostatic pressure.
(3) P 0 represents the surface atmospheric pressure (0.1MPa); g represents the constant acceleration of gravity (9.81 m/s 2 ); ρ f denotes the density of permafrost layer; density of permafrost is 1500~2000 kg/m 3 measured by experiment; 1750 kg/m 3 is used in calculation; ρ s denotes the pore fluid density under the permafrost (1000 kg/m 3 ). The thickness of hydrate stable zone is
h z represents the thickness of hydrate stable zone; (h s + h t ) represents the burial depth of hydrate bottom boundary; h t represents the burial depth of hydrate top boundary. Bottom boundary depth and thickness will be calculated by solving equations (1)- (4). The thickness of the island permafrost is about 1.2 m; the total volume of gas hydrate = 7600 km 2 ϫ 20% ϫ 1.2 = 1.824 ϫ 10 9 m 3 . It is determined that there is good stable zone of gas hydrate of Muli coalfield in Qinghai province.
Muli coalfield gas hydrate resource estimation
The coal geological exploration logging data from gushing gas drilling shows that each drilling develops two-layer gas hydrate suspected horizon. The logging interpretation thickness is 0.70-2.50 m; the average thickness is 1.45 m; the gas hydrate occurs at the fracture and pore of the rock. That is, the upper limit of the pure gas hydrate is the volume square porosity. The lithology of gas hydrate horizon in Muli coalfield is sandstone (Liu et al., 2007) . Since the practical strata voidage of the Muli coalfield suspected horizon is lacking, and it is replaced by medium porosity of sandstonesiltstone (15%), based on the research results of Qiangtang Basin Clastic reservoir. . Based on the calculation that gas hydrate of 1 m 3 contains 164 m 3 natural gas, the potential gas volume in Muli coalfield gas hydrate can be calculated (1.7385 ϫ 10 9 m 3 ϫ 164 = 2.85114 ϫ 10 11 m 3 = 2851.14 million m 3 ). The result shows that there is a great gas hydrate reserve potential in permafrost of Muli coalfield. However, the exploitation of Messoyakha gas field confirms that not all the free gas originates from gas hydrates. It is estimated that only 36% gas originate from gas hydrates, thus Muli coalfield may contain gas reserves of more than 800 billion m 3 .
THE EXPLORATION AND DEVELOPMENT PROSPECT
It is estimated that Muli coalfield may contain gas reserves more than 300 billion m 3 , and its surrounding areas may contain gas reserves of more than 500 billion m 3 , so the total gas volume of Muli coalfield may be two times more than that in West-East Natural Gas Transmission.
Muli area is a sample area, where gas hydrate was first drilled out. The theoretical attempts on gas hydrate in permafrost and technological renovation on its mining are of great significance. However, since it is a new geological work field, new theories and concepts should be introduced and more long-term and unified supportive policies should be drawn up to achieve the harmony between environmental protection and resource exploration. Therefore, the gas hydrate exploration research should embark upon the following aspects.
Further geological survey of gas hydrate of permafrost region
We should keep close attention to researches on combustible ice in Muli coalfield, which are mainly carried out by China National Administration of Coal Geology and China Geological Survey, and expand the geological survey and scientific investigation on gas hydrate in Tibetan plateau out of Muli area, such as WuliKaixinling region, Tuotuo river and Qiangtang basin.
Scientific research on gas hydrate of permafrost region
In order to understand gas source generated in inorganic methods or by biochemistry, coal bed methane or gas from oil, more researches on the causes of combustible ice and its formation process as well as source of the gas should be studied. Furthermore, the studies on features of reservoir physical property, such as porosity and permeability of rock, its lithofacies features, deposition conditions, paleostructure, structural thermal evolution history and its cover coat (forzen soil) are also needed. On the formation conditions of combustible ice deposits, the studies of source reservoir seal assemblage, effective closure and necessary preservation conditions are also needed as to determine the depth, thickness, layers and planar distribution of combustible ice.
Research on exploration techniques and improve resource exploration methods of gas hydrate in permafrost region
At present, gas hydrate samples in land area are mainly obtained by using special temperature control device and special core drilling technique. In sea area, bottom simulating reflector seismic exploration technique is used. The routinization and acceleration of these complicated techniques of exploration, including geophysical exploration, drilling exploration, core-making and geochemistry survey are expected. Up to now, the systematical and comprehensive researches on the evaluation of resource potential gas hydrate are still lacking.
Research on exploitation technology of gas hydrate in permafrost region
There will be a good developing for gas hydrate, but because of the difficulty in exploration, reserves of gas hydrate are only exploited in Messoyakha of Russia Siberia on the global range at present. The gas hydrate exploitation history of Messoyakha shows that gas hydrate of permafrost region could be exploited by using conventional methods, and it could be exploited for a long time by using sample decompression method. We believe that china will speed up the research of this aspect, and achieve success.
CONCLUSIONS
The Muli coalfield in Qinghai province is rich in gas hydrate. In the present paper, the characteristics of structure, fault and the coal seams in Muli coalfield were analyzed; the formation condition and the stability zone of its gas hydrate were investigated; a model of "coal-formed gas hydrate" was identified. Muli coalfield may contain gas reserves of more than 800 billion m 3 .
